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optimisation and antidiabetic activity
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The growing demand for sustainable bioresources has highlighted the importance of exploring
underutilised plant species as alternative sources of health-promoting compounds. Mangifera pajang
Kosterm. (bambangan), an endemic and underexploited fruit native to Borneo, particularly Sabah,
Malaysia, offers considerable potential as a sustainable source of bioactive constituents. However,
research on efficient extraction techniques and processing technologies to recover its valuable
phytochemicals remains limited. In this study, M. pajang fruit was pretreated using ultrasound-assisted
osmotic dehydration (UAOD), and the one-factor-at-a-time (OFAT) method was subsequently used for
parameter screening, followed by a response surface methodology with central composite design to
optimise ultrasound-assisted extraction using a natural deep eutectic solvent (NADES). Parameters
including extraction time, solid-to-solvent ratio, and ultrasonic amplitude were evaluated to maximise
total phenolic content (TPC), total flavonoid content (TFC), and mangiferin content. Bioactivity was
assessed through antioxidant and antidiabetic assays based on ICsq values of the optimised M. pajang
fruit extract (MPFE) compared with positive controls. Molecular docking was performed against a-
glucosidase. ADMET and drug-likeness were predicted to evaluate the potential pharmacokinetic
behaviour and oral drug-likeness properties of mangiferin. The optimised conditions were an extraction
time of 11.33 min, a solid-to-solvent ratio of 1:28.52 g mL™% and an ultrasonic amplitude of 51.41%,
achieving 53.02 + 1.57 mg GAE g~ TPC, 1726 + 113 mg RE g~! TFC, and 0.66 + 0.01 mg g*
mangiferin. In vitro, the MPFE exhibited antioxidant (ICsq = 117.58 4+ 2.19 pg mL™Y) and antidiabetic (ICsq
= 9054 + 1.60 pg mL™Y) activities. In silico, mangiferin (—8.0 kcal mol™) showed stronger binding
affinity to a-glucosidase compared with acarbose (—7.3 kcal mol™). ADMET and drug-likeness prediction
further revealed that mangiferin showed higher intestinal absorption, better renal clearance, fewer rule
violations, and stronger membrane permeability than acarbose, although solubility was lower. These
findings suggest that M. pajang fruit represents a promising sustainable source of nutraceuticals and
functional food products for managing oxidative stress and diabetes, although further experimental
validation remains necessary.

This study promotes the sustainable utilisation of Mangifera pajang, an underutilised indigenous fruit from Borneo, through a green ultrasound-assisted

extraction process using a choline chloride-based natural deep eutectic solvent (NADES). By optimising the extraction of bioactive mangiferin, this work

supports waste valorisation and local biodiversity utilisation while reducing environmental impact. The use of a NADES also supports an eco-friendly, low-
toxicity, and potentially recyclable solvent system, in line with the United Nations Sustainable Development Goals, particularly SDG 3 (Good Health and
Well-being) and SDG 12 (Responsible Consumption and Production). Overall, this research highlights the potential of M. pajang as a sustainable source of

natural antioxidant and antidiabetic compounds for functional food and nutraceutical applications.
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1 Introduction

Recently, natural deep eutectic solvents (NADES), also referred
to as green solvents, have gained significant attention, with
numerous combinations of hydrogen bond acceptors (HBAs)
and hydrogen bond donors (HBDs) being investigated for their
effectiveness in extracting phytochemicals from plants."?
Beyond their rapid preparation, NADES offer a simple, energy-
efficient, waste-reducing, and environmentally friendly
approach to extraction.? Ultrasound-assisted extraction (UAE) is
another green extraction technique that promotes the disrup-
tion of plant cell walls, thereby enhancing the solubility of
bioactive compounds and increasing the yield of phenolic and
flavonoid compounds.* In addition, the response surface
methodology (RSM) is a valuable statistical tool for analysing
complex interactions between factors (independent variables)
and responses (dependent variables) to optimise targeted
outcomes.® Within the RSM, central composite design (CCD)
strengthens factorial design by incorporating centre and axial
points to estimate curvature effects on the response surface.®
The inclusion of multiple centre points further improves the
prediction accuracy within the design space.”

Diabetes mellitus is a chronic disease characterised by
insufficient insulin production by the pancreas or the ineffec-
tive utilisation of insulin by the body.* In Malaysia, the preva-
lence of diabetes among adults aged 20-79 has increased from
16.8% t0 19.9% in 2024.>' This rising trend reflects the growing
public health burden of diabetes in the country. In parallel,
there is increasing global interest in phytochemicals derived
from medicinal plants and wild fruits, driven by consumer
preference for natural products.'* Plant-derived bioactive
compounds offer several advantages over synthetic drugs,
including fewer side effects, better patient tolerance, lower
costs, and renewable sources.'? Standardisation of extraction
processes is therefore essential to ensure consistent levels of
active compounds, thus helping to guarantee the efficacy and
quality of plant-based therapeutics. Among promising natural
resources, Mangifera pajang Kosterm., known locally as bam-
bangan, is a wild fruit native to Sabah, Malaysia, belonging to
the Anacardiaceae family. It contains diverse phytochemicals,
such as polyphenols, flavonoids, carotenoids, and anthocya-
nins, which contribute to its pharmacological activities,
including antioxidant, antibacterial, anticancer, antidiabetic,
and cytoprotective effects.'>'* Mangiferin, one of the main
phenolic compounds in M. pagjang, has demonstrated antidia-
betic, antitumour, and immunomodulatory activities.” Lasano
et al.*® further reported its potential as a novel agent in diabetes
management. Moreover, pretreatments such as ultrasound-
assisted osmotic dehydration (UAOD) have been shown to
enhance the preservation of bioactive compounds, improve
product quality, and increase the extraction efficiency while
remaining cost-effective."”

To the best of our knowledge, no prior studies have investi-
gated the optimisation of the total phenolic content (TPC), total
flavonoid content (TFC), and mangiferin content from a pre-
treated M. pajang fruit extract (MPFE) using UAE. Furthermore,
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the biological properties of the optimised extract have not been
comprehensively assessed through both in vitro (antioxidant
and antidiabetic assays) and in silico approaches, including
molecular docking, drug-likeness, and ADMET (absorption,
distribution, metabolism, excretion, and toxicity), which are
crucial for evaluating its potential antioxidant and antidiabetic
effects. Therefore, this study aimed to optimise the extraction of
MPFE with respect to TPC, TFC, and mangiferin content, fol-
lowed by evaluation of its antioxidant and antidiabetic proper-
ties. The findings provide new insights into the potential of this
underutilised local fruit as a sustainable resource for nutra-
ceutical and functional food development.

2 Materials and methods
2.1 Preparation of raw materials with UAOD

M. pajang fruits were obtained from local vendors in Anjung
Kinabalu, Kota Kinabalu, Sabah, Malaysia. Approximately 100 g
of sliced fruit pulp was soaked in a 30% sugar solution and
subsequently subjected to UAOD using an ultrasonic water bath
(CPX8800H, Branson, Brookfield, CT, USA) operating at 40 kHz
and 320 W, and maintained at 50 °C for 60 min. The treated
samples were then dried in an oven (ED 23, Binder, Tuttlingen,
Germany) at 50 °C for 6 h. The dried samples were ground into
a fine powder (60 mesh, 0.30 mm) using a grinder (EBM-9182,
Elba, Borso del Grappa, Italy) and stored in airtight amber
glass containers at room temperature (23 °C) in a dark envi-
ronment until further analysis. The procedure was adapted,
with minor modifications, from the methods described by
Mohd Rosdan et al.*® and Abrahao et al.*®

2.2 Preparation of NADES

NADES was prepared using choline chloride as the HBA and
lactic acid as the HBD at a molar ratio of 1:2 (87 g of choline
chloride and 113 g of lactic acid for the preparation of 200 g),
following the heating and stirring method with slight modifi-
cations.?® The mixture, containing deionised water, was heated
at 70 °C with continuous magnetic stirring until a uniform and
transparent solution was obtained, which required approxi-
mately 30 min. The prepared NADES was then stored at room
temperature until further use.

2.3 Screening and optimisation of the extraction process

Extraction of MPFE was carried out using a probe sonicator
(Q500 Sonicator, QSonica, Newtown, CT, USA) equipped with
a 13 mm diameter probe in a NADES medium, following the
method described by Zulkifli et al.** with minor modifications.
The extraction process was examined using a two-stage
approach, beginning with one-factor-at-a-time (OFAT)
screening of four key parameters, namely extraction time (5-25
min), solid-to-solvent ratio (1:10-1:50 g mL™"), ultrasonic
amplitude (30-70%), and duty cycle (74.07-86.96%), using
a NADES as the extraction medium.** The screening was initi-
ated under fixed conditions of 15 min extraction time, a solid-
to-solvent ratio of 1:30 g mL™", an ultrasonic amplitude of
50%, and a duty cycle of 80.00% (20 s on and 5 s off). Under

© 2026 The Author(s). Published by the Royal Society of Chemistry
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these conditions, the solid-to-solvent ratio was varied from 1:
10 to 1:50 g mL~".* Duty cycle ranges were then set at 74.07%,
76.92%, 80.00%, 83.33%, and 86.96%, with the solid-to-solvent
ratio (1:30 g mL™"), ultrasonic amplitude (50%), and extraction
time (15 min) held constant. For these tests, the “on” time of the
duty cycle was fixed at 20 s, while the “off” time varied from 3 to
7 5.2 The duty cycle was determined using eqn (1), adapted from
Lanjekar et al*® Next, extraction time was varied from 5 to
25 min while maintaining a solid-to-solvent ratio of 1:30 g
mL "', an ultrasonic amplitude of 50%, and a duty cycle of
86.96% (20 s on and 3 s off).?® Finally, the ultrasonic amplitude
was tested within the range of 30-70%, while the solid-to-
solvent ratio (1:30 g mL™"), duty cycle (86.96%), and extrac-
tion time (10 min) were kept constant.”” These parameters were
selected based on evidence from previous studies, which re-
ported their significant influence on TPC, TFC, and bioactive
compound recovery.”® After extraction, solid residues were
removed by vacuum filtration through Whatman No. 1 filter
paper. The resulting filtrates were stored at 4 °C until further
analysis. All results are expressed on a dry weight (DW) basis to
ensure standardisation of the measurements.

ON time(s)

Duty cycle(%) = - - x 100 1
y eycle(%) ON time(s) + OFF time(s) (1)
Table 1 Factors and coded levels used in MPFE extraction
Levels (coded)
Factors Code -1 0 1
Extraction time (min) A 5 10 15
Solid-to-solvent ratio (g mL ™) B 1:20 1:30 1:40
Ultrasonic amplitude (%) c 40 50 60
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Based on the significant parameters identified during
preliminary screening, three factors with three levels each were
selected for further optimisation using RSM-CCD in Design-
Expert version 13. The selected parameters and their corre-
sponding levels are presented in Table 1, while the CCD
experimental design consisting of 17 runs is shown in Table 2.
Actual values obtained from these runs were compared with
model-predicted values to validate the statistical optimisation.
Model performance was assessed using one-way analysis of
variance (ANOVA), with significance determined at p < 0.05,
together with fit statistics including the coefficient of variation
(CV), coefficient of determination (R*), adjusted and predicted
R? values, and adequate precision.

2.4 Determination of TPC

The MPFE was determined via the Folin—Ciocalteu method, as
adapted from Mudin et al.** with minor modifications. A 100
uL aliquot of the sample extract was mixed with 500 pL of
Folin-Ciocalteu reagent and 1.5 mL of 20% sodium carbonate
solution, and the final volume was adjusted to 10 mL with
ultrapure water. The mixture was incubated in the dark at
room temperature for 2 h. The absorbance was measured at
765 nm using a UV-vis spectrophotometer (Lambda 25, Perki-
nElmer, Waltham, MA, USA). Gallic acid served as the stan-
dard, and the results were expressed as mg GAE/g DW based on
eqn (2).

. V
Total phenolic content(mg GAE g 'DW) = €x

(2)

where ¢ represents the concentration of liquid extract
(mg mL ") obtained from the standard curve of TPC, V repre-
sents the solvent volume (mL), and m represents the mass of
dried plant material (g).

Table 2 RSM-CCD design matrix with factors and response variables for MPFE extraction

Factors

Responses

Extraction time  Solid-to-solvent ratio  Ultrasonic amplitude

(min) (gmL ) (%)
Total phenolic content  Total flavonoid Mangiferin content
Run A B c (mg GAE g 1) content (mg REg") (mgg )
1 15 40 60 25.45 6.96 0.45
2 5 20 40 55.31 16.88 0.65
3 5 40 60 32.36 9.15 0.27
4 18 30 50 22.49 5.66 0.39
5 15 20 60 28.40 6.63 0.28
6 15 20 40 39.62 12.16 0.17
7 10 30 33 32.91 11.76 0.56
8 10 30 50 29.40 7.20 0.59
9 10 13 50 29.69 8.02 0.29
10 5 20 60 33.56 7.77 0.01
11 10 30 67 24.85 7.61 0.37
12 15 40 40 33.95 11.11 0.65
13 10 30 50 33.14 9.28 0.19
14 5 40 40 38.74 11.19 0.44
15 10 30 50 37.36 10.94 0.52
16 10 47 50 56.28 16.47 0.62
17 2 30 50 54.29 15.90 0.61

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.5 Determination of TFC

The MPFE was assessed using the aluminium chloride colori-
metric assay according to Jinin et al.*® with slight alterations, in
which 1 mL of MPFE was mixed with 1 mL of 2% aluminium
chloride solution. The mixture was incubated in the dark at
room temperature for 15 min. The absorbance was measured at
430 nm using a UV-vis spectrophotometer, and rutin served as
the standard. The results were expressed as mg RE g ' DW
based on eqn (3).

):c><V 3)

Total flavonoid content(mg RE g'DW
where ¢ represents the concentration of liquid extract
(mg mL™") obtained from the standard curve of TFC, V repre-
sents the solvent volume (mL), and m represents the mass of
dried plant material (g).

2.6 Determination of mangiferin content

The MPFE (1 mg mL ") was dissolved in deionised water, while
the mangiferin standard (1 mg mL ') was dissolved in meth-
anol and prepared at concentrations ranging from 20 to
100 ppm. All solutions were filtered through a 0.22 pm
membrane filter prior to analysis. High-performance liquid
chromatography was performed using an Agilent 1100 system
(Agilent Technologies, Santa Clara, CA, USA) equipped with an
InertSustain C18 column (5 pm, 150 x 4.6 mm) and a UV-vis
detector. The injection volume was 20 pL, with a total run
time of 15 min, a flow rate of 0.8 mL min ", and detection at
254 nm. An isocratic elution was applied, with mobile phase A
consisting of 0.1% formic acid in deionised water and mobile
phase B consisting of acetonitrile. This method was adapted,
with slight modifications, from Mohd Rosdan et al'®* Man-
giferin content was calculated using eqn (4).

Mass of mangiferin (mg)

Mangiferi tent 1) =
angiferin content(mg g”) Dried mass of plant material(g)

(4)
2.7 Determination of bioactivity

2.7.1 In vitro DPPH inhibition assay. The 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity was deter-
mined following the method of Saini et al.** with minor modi-
fications. Solutions of optimised MPFE were prepared at
concentrations of 5, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800,
and 1000 pg mL ™', while standard solutions of mangiferin and
ascorbic acid were prepared at concentrations of 5, 10, 20, 40,
60, 80, and 100 ug mL~". Briefly, 1 mL of MPFE was mixed with
1 mL of 0.1 mM DPPH solution and incubated in the dark for
30 min. Absorbance was measured at 517 nm using a UV-vis
spectrophotometer. The negative control consisted of a DPPH
solution without sample extract, while ascorbic acid was used as
a positive control. The percentage of DPPH radical scavenging
activity was calculated according to eqn (5).

. T o Ac B As
DPPH inhibition activity(%) = —

C

100 (5)
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where A, represents the absorbance of the control and A
represents the absorbance of the sample. The results were
expressed as ICs, values (half-maximal inhibitory concentra-
tion), obtained through regression analysis, representing the
concentration required to achieve 50% inhibition of radical
scavenging activity.

2.7.2 In vitro a-glucosidase inhibition assay. The a-gluco-
sidase inhibitory assay was conducted with slight modifications
from previously described methods.** Solutions of optimised
MPFE were prepared at concentrations of 5, 10, 15, 20, 25, 30,
50, 100, 150, 200, and 250 pg mL ', while standard solutions of
mangiferin and acarbose were prepared at concentrations of 5,
10, 15, 20, and 25 pg mL™". The control solution was prepared
without any inhibitors or samples, while acarbose was used as
the positive control. The substrate used was 5 mM p-nitro-
phenyl-a-p-glucopyranoside (pNPG). Two buffers were used:
Buffer I consisted of 0.1 M sodium phosphate buffer (pH 6.9)
containing 2% dimethyl sulfoxide (DMSO), and Buffer II was
0.1 M sodium phosphate buffer (pH 6.9) without DMSO. Buffer I
was used for diluting extracts and acarbose, whereas Buffer II
was used for diluting the a-glucosidase enzyme and substrate.

The reaction mixture was prepared by combining 50 puL of
sample solution with 50 pL of buffer, followed by the addition of
30 pL of a-glucosidase enzyme (1 U mL™'). The mixture was
incubated in a 96-well plate at 37 °C for 10 min. Subsequently,
20 pL of pNPG substrate was added, and the enzymatic reaction
was allowed to proceed at 37 °C for 30 min. The release of p-
nitrophenyl from pNPG was measured at 405 nm using
a microplate reader (Multiskan SkyHigh, Thermo Fisher
Scientific, Waltham, MA, USA). The percentage inhibition of a-
glucosidase activity was calculated using eqn (6).

A.— A4

a-Glucosidase inhibition activity(%) = 2% 100 (6)

C
where A, represents the absorbance of the control and A
represents the absorbance of the sample. The results were
expressed as ICs, values (half-maximal inhibitory concentra-
tion), obtained through regression analysis, representing the
concentration required to achieve 50% inhibition of a-glucosi-
dase activity.

2.7.3 In silico a-glucosidase inhibition assay. Molecular
docking is a computational technique used to predict and
visualise the binding interactions between ligands and protein
receptors. The procedure followed the methods of Sabri et al.*®
and Sarkar et al** The a-glucosidase enzyme (PDB ID: 5NN8§)
was retrieved from the RCSB Protein Data Bank and prepared by
removing water molecules before docking. Mangiferin (Pub-
Chem ID: 5281647) was used as the target ligand, while acar-
bose (PubChem ID: 41774) served as the control ligand. Both
ligands were obtained from the PubChem database and
subsequently converted to Protein Data Bank (.pdb) format
using BIOVIA Discovery Studio Visualizer version 4.0. Docking
simulations were performed using the Cavity-Detection Guided
Blind Docking (CB-Dock2) platform, which predicts potential
binding cavities and provides binding affinity values for each
ligand-protein interaction. The docking grid box was centred at
the predicted catalytic cavity (Pocket C5) with coordinates

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(x = —14,y = —32, and z = 64) and a detected cavity volume of
401 A®. To accommodate the varying molecular sizes and ensure
sufficient search space for conformational sampling and rota-
tion, the grid dimensions were automatically set to 23 x 23 x 23
A for mangiferin and 27 x 27 x 27 A for acarbose. This adaptive
sizing ensured that the entire active site was accessible while
maintaining computational efficiency for each specific ligand-
receptor complex.

2.8 ADMET and drug-likeness prediction

ADMET analysis is an important component of modern drug
discovery, as it evaluates the pharmacokinetic properties of
candidate compounds to predict their behaviour in biological
systems, thereby enabling cost-effective screening.** The
Simplified Molecular Input Line Entry System (SMILES) strings
of the ligands were used as input for online prediction servers,
including admetSAR 2.0, admetSAR 3.0, and SwissADME, to
assess their ADMET characteristics.*® Additionally, Osiris
Property Explorer was employed to predict toxicity risks, while
the drug-likeness evaluation was based on molecular weight
(MW), HBD, HBA, partition coefficient (clogP), number of
Lipinski's Rule of Five (Ro5) violations, water solubility (log S),
and topological polar surface area (TPSA).

2.9 Statistical analysis

All experiments were conducted in independent biological
triplicates (n = 3), and the results were expressed as mean +

View Article Online
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standard deviation (SD). Statistical analysis was performed
using ANOVA followed by Tukey's HSD post hoc test in Graph-
Pad Prism version 10.4.0. A probability level of p < 0.05 was
considered statistically significant.

3 Results and discussion
3.1 Parameter screening using OFAT

A preliminary study was conducted to establish the appropriate
range of design parameters for optimising the extraction
process using the OFAT method. Extraction is essential for
recovering and isolating active compounds from plant mate-
rials, with the objective of maximising the TPC, TFC, and
concentration of target substances.?” The efficiency of extraction
is affected by several factors, including solvent type, extraction
time, solid-to-solvent ratio, ultrasonic amplitude, and duty
cycle.*®* In this study, a NADES was selected as the extraction
solvent and maintained as constant because it represents
a greener alternative to conventional organic solvents such as
methanol and ethanol, with advantages including lower
toxicity, better environmental compatibility, and reduced
dependence on volatile organic solvents, while still providing
effective extraction of phytochemicals.*” The screening param-
eters included extraction time, solid-to-solvent ratio, ultrasonic
amplitude, and duty cycle (Fig. 1).

3.1.1 Effects of extraction time on TPC, TFC, and man-
giferin content. The extraction time ranged from 5 to 25 min for
TPC, TFC, and mangiferin content of MPFE, while the solid-to-
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Fig.1 Screening of extraction parameters for total phenolic content and total flavonoid content (bars) and mangiferin content (line) at different
(a) extraction times, (b) solid-to-solvent ratios, (c) ultrasonic amplitudes, and (d) duty cycles. Data are presented as mean + SD (n = 3), with
different letters indicating significant differences (p < 0.05) according to one-way ANOVA and Tukey's HSD test.
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solvent ratio (1:30 g mL "), ultrasonic amplitude (50%), and
duty cycle (86.96%) were kept constant. As shown in Fig. 1(a), all
three responses reached their maximum values at 10 min. The
TPC increased from 24.52 & 1.14 to 55.24 + 1.43 mg GAE g/,
TFC from 4.28 & 0.16 to 11.63 + 0.96 mg RE g, and mangiferin
content from 0.42 =& 0.00 to 0.57 & 0.00 mg g~ * as the extraction
time increased from 5 to 10 min (p < 0.05). These results are
consistent with the study by Thakare et al.,** which reported the
maximum mangiferin content at 10 min before a slight decline
at longer extraction times. Although longer extraction times
generally improve extraction through enhanced solvent pene-
tration and ultrasonic cavitation, prolonged exposure may also
promote degradation of bioactive compounds.*® Accordingly, all
three responses declined beyond 10 min, with the TPC
decreasing to 39.60 + 0.70, 24.52 £ 1.14, and 21.48 & 1.12 mg
GAE gfl, TFC to 8.51 £ 1.09, 6.58 £ 0.32, and 4.96 & 0.32 mg RE
g~ ', and mangiferin content to 0.56 + 0.00, 0.55 + 0.00, and
0.42 + 0.00 mg g~ " at 15, 20, and 25 min, respectively (p < 0.05).
Exceeding the optimal extraction time may therefore cause
degradation of bioactive compounds due to cavitation effects
and oxidation caused by free radicals generated during bubble
collapse.”” Considering the cost, operating time, and energy
consumption, an extraction time of 5 to 15 min was selected for
further optimisation.

3.1.2 Effects of solid-to-solvent ratio on TPC, TFC, and
mangiferin content. TPC, TFC, and mangiferin content of MPFE
at different solid-to-solvent ratios were evaluated under fixed
conditions of extraction time (15 min), ultrasonic amplitude
(50%), and duty cycle (80.00%). As shown in Fig. 1(b), the TPC
increased from 16.50 4 0.73 to 21.45 4+ 1.38 mg GAE g~ ', TFC
from 4.41 + 1.06 to 7.45 & 0.94 mg RE g ', and mangiferin
content from 0.49 + 0.00 to 0.50 & 0.00 mg g~ as the solid-to-
solvent ratio increased from 1:10 to 1:20 g mL ™" (p < 0.05). At
1:30 g mL ™", maximum values were obtained for the TPC (32.19
+ 1.11 mg GAE g '), TFC (12.54 + 1.30 mg RE g~ '), and man-
giferin content (0.86 + 0.00 mg g~ '), which were significantly
higher than those at lower ratios (p < 0.05). Increasing the solid-
to-solvent ratio during ultrasonic extraction enhances the
process by improving contact between the solid and solvent and
reducing the mixture density.** This allows sound waves to
propagate more effectively and promotes cavitation-induced
disruption of the solid matrix. Beyond 1:30 g mL ™", the TPC
decreased t0 25.01 4 1.18 mg GAE ¢ " at 1:40 g mL ™" and 23.37
+0.68 mg GAE ¢ ' at 1:50 g mL ™", with a significant reduction
observed at 1:40 g mL ™" compared with 1:30 g mL ™" (p < 0.05),
whereas the difference between 1:40 and 1:50 ¢ mL ™" was not
significant (p > 0.05). Similarly, the TFC decreased to 9.28 +
0.79mgREg 'at1:40gmL 'and5.78 + 1.13mgREg ' at1:
50 g mL ', with both values being significantly lower than that
at 1:30 g mL ™" (p < 0.05), and the reduction from 1:40 to 1:
50 ¢ mL~" was also significant (p < 0.05). Mangiferin content
also declined to 0.83 + 0.00 mg g " at1:40 g mL " and 0.74 +
0.00 mg g ' at 1:50 g mL ™", with each decrease being signifi-
cant (p < 0.05). Wang et al.** reported that a high solid-to-liquid
ratio in ultrasonic extraction generates excess bubbles, which
can limit contact between polyphenols and solvent. This
phenomenon also interferes with ultrasound propagation,
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reducing the extraction efficiency. Based on these findings, the
range of solid-to-solvent ratios prescribed for CCD was set at 1 :
20to 1:40 g mL .

3.1.3 Effects of ultrasonic amplitude on TPC, TFC, and
mangiferin content. The effects of ultrasonic amplitude on TPC,
TFC, and mangiferin content were evaluated under
fixed conditions of extraction time (15 min), solid-to-solvent
ratio (1:30 ¢ mL™'), and duty cycle (86.96%). As shown in
Fig. 1(c), the TPC increased significantly from 19.62 + 1.46 mg
GAE g ' at 30% to 44.10 + 1.60 mg GAE g ' at 50% ultrasonic
amplitude (p < 0.05), before decreasing significantly to 30.56 +
1.12 mg GAE g~ " at 60% and 15.43 & 0.99 mg GAE g~ ' at 70% (p
< 0.05). A similar pattern was observed for the TFC, which
increased significantly from 7.81 + 0.59 mg RE g~ " at 30% to
14.83 4+ 0.62 mg RE g ' at 50%, followed by a significant
decrease t0 9.69 + 0.81 mg RE g ' at 60% and 4.95 + 0.61 mg RE
g ' at 70% (p < 0.05). Mangiferin content also reached its
maximum at 50% ultrasonic amplitude (0.71 £ 0.00 mg g™ ),
which was significantly higher than the values recorded at 30%
(0.29 + 0.00 mg g~ 1), 40% (0.44 + 0.00 mg g~ Y), 60% (0.63 +
0.00 mg g '), and 70% (0.44 & 0.00 mg g~ ') (p < 0.05). The value
at 60% was also significantly higher than those at 30%, 40%,
and 70% (p < 0.05), whereas the values at 30%, 40%, and 70%
were not significantly different from one another (p > 0.05).
Pattnaik et al.*® reported that phenolic compound recovery
increases with ultrasonic amplitude due to improved contact
between the sample and solvent, which enhances both
mechanical and cavitation effects. Nonetheless, excessively high
amplitudes may reduce extraction efficiency because the
excessive number of bubbles collides more frequently, leading
to non-spherical collapses that weaken implosion forces and
diminish the overall effect.”® Considering these findings, the
lower, middle, and upper levels of ultrasonic amplitude selected
for the optimisation design were 40%, 50%, and 60%.

3.1.4 Effects of duty cycle on TPC, TFC, and mangiferin
content. The effects of duty cycle on TPC, TFC, and mangiferin
content of MPFE were evaluated under fixed conditions of
extraction time (15 min), solid-to-solvent ratio (1:30 g mL ™),
and ultrasonic amplitude (50%). As shown in Fig. 1(d), the
maximum TPC (33.46 + 0.73 mg GAE ¢~ '), TFC (10.34 & 1.18 mg
RE g '), and mangiferin content (0.31 £ 0.00 mg g~ ) were
obtained at a duty cycle of 86.96% (p < 0.05). Pulse mode
enhances cavitation efficiency and provides stable temperature
control, thereby preventing degradation of phytochemicals.*®
The duty cycle of an ultrasound system represents the opera-
tional cycle that allows it to function in pulsed mode, alter-
nating between on and off phases.*” The pulsed phase has been
shown to provide superior results compared with continuous
mode.** Moreover, pulse mode ultrasonication in natural
product extraction extends the life of the transducer and
reduces unnecessary energy losses.* Lanjekar et al.>® reported
an optimum duty cycle of 60% (6 s on and 4 s off) for waste
Mangifera indica (mango) peel extract, which produced the
highest values of TPC and TFC, with yields declining between
60% and 100%. In the present study, all three responses
decreased as the duty cycle decreased from 86.96% to 74.07%.
The TPC decreased significantly from 33.46 + 0.73 mg GAE g~ '
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at 86.96% to 26.53 £ 0.92, 20.49 + 1.91, 15.12 £ 0.70, and 11.66
+ 1.14 mg GAE g™ ' at 83.33%, 80.00%, 76.92%, and 74.07%,
respectively (p < 0.05). The TFC also decreased significantly
from 10.34 + 1.18 mg RE g~ ' at 86.96% to 7.52 + 1.13, 5.02 +
0.80, 2.40 % 0.56, and 1.76 £ 0.36 mg RE g, respectively (p <
0.05), although the difference between 76.92% and 74.07% was
not significant (p > 0.05). Mangiferin content decreased signif-
icantly from 0.31 & 0.00 mg g~ " at 86.96% to 0.25 =+ 0.00, 0.22 +
0.00, 0.20 £ 0.00, and 0.21 4 0.00 mg g~ * at 83.33%, 80.00%,
76.92%, and 74.07%, respectively (p < 0.05). These reductions
may be attributed to excess heat generated by prolonged expo-
sure of the solvent to acoustic waves. In addition, uncontrolled
cavitation and excessive mechanical stress during extraction
may degrade phenolic compounds.* For this reason, the duty
cycle of 86.96% was maintained in the CCD process.

3.2 Optimisation of extraction parameters using CCD

The optimisation study focused on three factors: extraction time
(4), solid-to-solvent ratio (B), and ultrasonic amplitude (C),
while keeping the duty cycle constant at 86.96%. These
parameters were selected to identify the most significant factors
influencing the responses, to establish the most suitable model,
to explain their effects on TPC, TFC, and mangiferin content,
and to verify the accuracy of the optimisation process.

3.2.1 Model fitting for TPC, TFC, and mangiferin content.
All data were fitted to several models, including linear, two-
factor interaction (2FI), quadratic, and cubic models, to statis-
tically evaluate model adequacy. As shown in Table 3, the
quadratic model was identified as the most appropriate for the
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three responses due to its higher significance of fit, lower SD
(1.18 for TPC, 0.50 for TFC, and 0.03 for mangiferin content),
and lower predicted residual error sum of squares (PRESS)
values (63.76 for TPC, 10.81 for TFC, and 0.04 for mangiferin
content) compared with the other models. Thus, the quadratic
model was selected to describe the relationship between the
input and response variables.

Khoshraftar et al.* highlighted the significance of regres-
sion model, lack of fit, R, and CV as key criteria for evaluating
model adequacy and validity. As shown in Table 4, the R?
values for TPC (0.9944), TFC (0.9912), and mangiferin content
(0.9909) were close to one, indicating minimal fitting errors
and confirming the robustness of the model.** The adjusted R*
values, which eliminate unnecessary terms, were also close to
the R* values, suggesting high significance of the quadratic
model. Predicted R* values were in reasonable agreement with
adjusted R” values for TPC, TFC, and mangiferin content, as
their differences were less than 0.2, which indicates satisfac-
tory model adequacy.” The CV values of TPC (3.31%), TFC
(4.85%), and mangiferin content (6.64%) were below 10%,
indicating that the experimental results were precise and
reliable.*® Adequate precision ratios for TPC (36.0761), TFC
(28.5614), and mangiferin content (31.8071) were greater than
4, indicating excellent signal-to-noise ratios and confirming
that the models can be used reliably to navigate the design
space.”

ANOVA was employed to analyse the statistical interactions
between factors and response variables in the model.** Multiple
regression results and the significance of regression coefficients
are presented in Table 5. Khoshraftar et al> indicated that

Table 3 Model fitting summary for total phenolic content, total flavonoid content, and mangiferin content

Source SD R’ Adjusted R Predicted R* PRESS

Total phenolic content

Linear 10.83 0.1242 —0.0779 —0.1563 2012.11

2FI 11.84 0.1947 —0.2884 —0.5760 2742.54

Quadratic 1.18 0.9944 0.9872 0.9634 63.76 Suggested
Cubic 1.42 0.9965 0.9816 0.4862 894.03 Aliased
Total flavonoid content

Linear 3.46 0.2086 0.0259 —0.0603 208.98

2FI 3.74 0.2886 —0.1383 —0.4331 282.45

Quadratic 0.50 0.9912 0.9798 0.9451 10.81 Suggested
Cubic 0.48 0.9966 0.9817 0.7745 44.44 Aliased
Mangiferin content

Linear 0.19 0.2187 0.0384 —0.2960 0.76

2FI 0.19 0.3704 —0.0074 —0.3145 0.77

Quadratic 0.03 0.9909 0.9793 0.9386 0.04 Suggested
Cubic 0.02 0.9974 0.9860 0.7408 0.15 Aliased
Table 4 Fit statistics for total phenolic content, total flavonoid content, and mangiferin content

Response Mean SD CV (%) R Adjusted R Predicted R* Adequate precision
Total phenolic content 35.75 1.18 3.31 0.9944 0.9872 0.9634 36.0761

Total flavonoid content 10.28 0.4986 4.85 0.9912 0.9798 0.9451 28.5614
Mangiferin content 0.4153 0.0276 6.64 0.9909 0.9793 0.9386 31.8071

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a satisfactory model fit is achieved when the overall model is
significant (p < 0.05), while the lack of fit is not significant (p >
0.05). In this study, the models for TPC, TFC, and mangiferin
content were highly significant (p < 0.0001). The lack of fit F-
values for TPC (1.58), TFC (1.05), and mangiferin content (2.05)
were not significant relative to pure error (p > 0.05). The model
F-values for TPC (137.58), TFC (87.30), and mangiferin content
(85.13) were highly significant (p < 0.0001), confirming the
robustness of the models. For TPC, term B was significant (p <
0.05), while terms 4, BC, 4%, B*, and C” were highly significant (p
< 0.0001). For TFC, terms C, AC, and BC were significant (p <
0.05), while terms 4, B, A%, B*, and C* were highly significant (p <
0.0001). For mangiferin content, terms A, AC, and B> were
significant (p < 0.05), while terms C, BC, A>, and C* were highly
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The statistical results confirm that the models were adequate
for predicting TPC, TFC, and mangiferin content within the
studied ranges of design parameters. With p < 0.0001, the
models were highly reliable, and the significant terms demon-
strated measurable effects on the responses. Multiple regres-
sion analysis produced eqn (7)-(9), which described the
relationships between the factors and the response variables of
TPC, TFC, and mangiferin content, respectively.

Total phenolic content = 55.22 + 3.734 — 1.37B + 3.86BC
—8.304% — 8.28B% — 7.65C* 7)

Total flavonoid content = 16.40 + 1.234 — 1.15B + 0.4285C
+0.4327AC + 1.29BC — 2.474°

2 2
significant (p < 0.0001). — 240" - 2.76C (8)
Table 5 ANOVA summary for total phenolic content, total flavonoid content, and mangiferin content

Source Sum of squares df Mean square F-value P-value

Total phenolic content

Model 1730.37 9 192.26 137.58 <0.0001 Significant

A 190.06 1 190.06 136.01 <0.0001

B 25.73 1 25.73 18.41 0.0036

c 0.3435 1 0.3435 0.2458 0.6352

AB 0.0000 1 0.0000 0.0000 0.9954

AC 3.34 1 3.34 2.39 0.1662

BC 119.38 1 119.38 85.43 <0.0001

A? 776.93 1 776.93 555.97 <0.0001

B> 773.69 1 773.69 553.65 <0.0001

c? 659.08 1 659.08 471.64 <0.0001

Residual 9.78 7 1.40

Lack of fit 7.80 5 1.56 1.58 0.4320 Not significant
Pure error 1.98 2 0.9904

Total flavonoid content

Model 195.35 9 21.71 87.30 <0.0001 Significant

A 20.61 1 20.61 82.89 <0.0001

B 17.99 1 17.99 72.34 <0.0001

c 2.51 1 2.51 10.09 0.0156

AB 1.04 1 1.04 4.16 0.0806

AC 1.50 1 1.50 6.03 0.0438

BC 13.24 1 13.24 53.25 0.0002

A? 68.76 1 68.76 276.53 <0.0001

B 64.81 1 64.81 260.65 <0.0001

c? 85.69 1 85.69 344.65 <0.0001

Residual 1.74 7 0.2486

Lack of fit 1.26 5 0.2520 1.05 0.5542 Not significant
Pure error 0.4807 2 0.2403

Mangiferin content

Model 0.5819 9 0.0647 85.13 <0.0001 Significant

A 0.0163 1 0.0163 21.50 0.0024

B 6.673 x 10°° 1 6.673 x 10°° 0.0088 0.9279

c 0.1121 1 0.1121 147.59 <0.0001

AB 0.0024 1 0.0024 3.23 0.1155

AC 0.0288 1 0.0288 37.92 0.0055

BC 0.0578 1 0.0578 76.10 <0.0001

A? 0.0513 1 0.0513 67.57 <0.0001

B 0.0052 1 0.0052 6.87 0.0344

c* 0.3465 1 0.3465 456.17 <0.0001

Residual 0.0053 7 0.0008

Lack of fit 0.0044 5 0.0009 2.05 0.3591 Not significant
Pure error 0.0009 2 0.0004
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Mangiferin content = 0.6276 + 0.03464
+ 0.0906C + 0.06004C — 0.0850BC
—0.06754% — 0.02158> — 0.1753C*  (9)

The normal probability plots of residuals for TPC, TFC, and
mangiferin content in Fig. 2(a)-(c) showed that the residuals
largely aligned with the theoretical red line, confirming the
adequacy of the models.”® Predicted versus actual values in
Fig. 2(d)-(f) demonstrated strong agreement, indicating that the
models could reliably predict the three responses. Residuals
versus run plots in Fig. 2(g)-(i) showed that all data points were
within the critical range of —4.81963 to +4.81963, confirming
that the models were significant and acceptable, with no
outliers detected.

3.2.2 Perturbation analysis for TPC, TFC, and mangiferin
content. The perturbation plots in Fig. 3 illustrate the effects of
individual factors on the response variables (TPC, TFC, and
mangiferin content) of the MPFE by varying one factor at a time
while keeping the others constant at a specific point in the
design space.’® As shown in Fig. 3(a), the perturbation plot for
TPC indicated that extraction time (4) exerted the strongest
effect, followed by solid-to-solvent ratio (B), whereas ultrasonic
amplitude (C) had a relatively smaller influence. Similarly,
Fig. 3(b) shows that extraction time (A) and solid-to-solvent ratio
(B) were the most influential factors for TFC, as indicated by

Normal Plot of Residuals
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their steeper curvature relative to ultrasonic amplitude (C). This
observation is consistent with the explanation that a greater
curvature reflects the higher sensitivity of the response to
changes in a factor, whereas a lower curvature indicates
a weaker influence.”” For mangiferin content, the perturbation
plot in Fig. 3(c) showed that ultrasonic amplitude (C) exerted
the strongest effect, as indicated by the pronounced parabolic
curvature of the response plot. The curve also suggests that the
highest mangiferin content was achieved near the central
region of the design space, with a slight shift towards the
positive coded level of ultrasonic amplitude.

3.2.3 Effects of extraction parameters on TPC. Three-
dimensional response surface and contour plots of RSM were
generated to visualise the effects of extraction time (4), solid-to-
solvent ratio (B), and ultrasonic amplitude (C) on TPC, as pre-
sented in Fig. 4(a)-(c), respectively. The three-dimensional
response surface plots and corresponding contour plots were
generated by varying two parameters while keeping the third
constant in order to evaluate their combined effects on the
response. Overall, both plot types indicate that TPC increased
towards the central region of the design space and declined at
lower or higher factor levels. For the interaction between the
extraction time and solid-to-solvent ratio, the optimum region
was observed at approximately 9-13 min and 1:25-1:35 g
mL ™", respectively, at a constant ultrasonic amplitude of 50%.

Normal Piot of Residuals Normal Plot of Residuals
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Fig. 2 Statistical analysis related to MPFE: (a—c) normal plots of residuals for total phenolic content, total flavonoid content, and mangiferin

content, (d—f) relationships between predicted and actual values, and
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Fig. 3 Perturbation plots for (a) total phenolic content, (b) total flavonoid content, and (c) mangiferin content.

For the interaction between the extraction time and ultrasonic
amplitude, the optimum region occurred at approximately 9-
13 min and 45-55%, respectively, at a constant solid-to-solvent
ratio of 1:30 ¢ mL ™. Similarly, for the interaction between the
solid-to-solvent ratio and ultrasonic amplitude, the highest TPC
was achieved at approximately 1:25-1:35 g mL ™" and 45-55%,
respectively, at a constant extraction time of 10 min.*® By
contrast, terms C, AB, and AC were not significant (p > 0.05).
Anaya-Esparza et al.® similarly reported that higher solvent
ratios improve solvent penetration into plant tissues and facil-
itate compound extraction, while Lima et al® found that
ultrasonic amplitude enhances extraction only up to an
optimum level, beyond which the extraction efficiency declines.
These observations are consistent with the ANOVA results, in
which term B was significant (p < 0.05), while terms 4, BC, 4>, B>,
and C* were highly significant (p < 0.0001).

3.2.4 Effects of extraction parameters on TFC. Three-
dimensional response surface and contour plots of RSM were
generated to visualise the effects of extraction time (A), solid-to-
solvent ratio (B), and ultrasonic amplitude (C) on TFC, as pre-
sented in Fig. 5(a)—(c), respectively. The plots were generated by
varying two parameters while keeping the third constant in
order to evaluate their combined effects on the response.
Overall, the response surfaces and contour plots indicate that
TFC increased towards the central region of the design space
and declined at lower or higher factor levels. For the interaction
between the extraction time and solid-to-solvent ratio, the
optimum region was observed at approximately 9-13 min and
1:25-1:35 g mL ™', respectively, at a constant ultrasonic
amplitude of 50%. However, TFC decreased at higher solid-to-
solvent ratios despite the longer extraction time, which may
be attributed to prolonged extraction conditions that promote
flavonoid degradation.®® For the interaction between the
extraction time and ultrasonic amplitude, the optimum region
occurred at approximately 9-13 min and 45-55%, respectively,
at a constant solid-to-solvent ratio of 1:30 g mL™'. TFC
declined when the ultrasonic amplitude exceeded approxi-
mately 55%, even within the favourable extraction time range,
which may reflect excessive cavitation effects that destabilise
flavonoid compounds. As explained by Garcia-Larez et al.,*”
higher ultrasonic amplitudes can generate intense cavitation
that disrupts molecular structures and increases susceptibility

Sustainable Food Technol.

to flavonoid degradation. For the interaction between the solid-
to-solvent ratio and ultrasonic amplitude, the optimum region
was observed at approximately 1:25-1:35 g mL ™" and 45-55%,
respectively, at a constant extraction time of 10 min. Mehga-
nathan et al.®® reported that greater extraction efficiency can be
achieved when cavitation disrupts plant cell walls and an
increased solvent volume enhances the concentration gradient,
thereby accelerating flavonoid mass transfer into the solvent.
These observations are consistent with the ANOVA results, in
which term AB was not significant (p > 0.05), term AC was
significant (p < 0.05), and term BC was highly significant (p =
0.0002). Additionally, term C was significant (p < 0.05), while
terms A, B, A%, B>, and C” were highly significant (p < 0.0001).
3.2.5 Effects of extraction parameters on mangiferin
content. Three-dimensional response surface and contour plots
of RSM were generated to visualise the effects of extraction time
(4), solid-to-solvent ratio (B), and ultrasonic amplitude (C) on
mangiferin content, as presented in Fig. 6(a)-(c), respectively.
The plots were generated by varying two parameters while
keeping the third constant in order to evaluate their combined
effects on the response. Overall, the response surfaces and
contour plots indicate that mangiferin content increased
towards the central region of the design space, although the
influence of each factor differed. For the interaction between
the extraction time and solid-to-solvent ratio, mangiferin
content remained relatively unchanged across the solid-to-
solvent ratio range at shorter extraction times, and it
increased as the extraction time approached the middle region
of the design space. The optimum region was observed at
approximately 7-13 min and 1: 25-1: 35 g mL ™", respectively, at
a constant ultrasonic amplitude of 50%. However, mangiferin
content declined when the extraction time exceeded the
optimum level. Xue et al.** reported a similar trend, in which
compound recovery increased with the solid-to-solvent ratio up
to an optimum level due to improved contact area and a steeper
concentration gradient that facilitated diffusion into the
solvent. For the interaction between the extraction time and
ultrasonic amplitude, the optimum region occurred at approx-
imately 7-13 min and 45-55%, respectively, at a constant solid-
to-solvent ratio of 1: 30 g mL™ . Increased B-carotene extraction
from cashew apple fruit was similarly observed at optimum
extraction conditions, where sufficient ultrasonic intensity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 3D surface and contour plots of total phenolic content of MPFE for (a) extraction time (A) versus solid-to-solvent ratio (B) at constant
ultrasonic amplitude (50%), (b) extraction time (A) versus ultrasonic amplitude (C) at constant solid-to-solvent ratio (1: 30 g mL™3), and (c) solid-
to-solvent ratio (B) versus ultrasonic amplitude (C) at constant extraction time (10 min).

promoted cell wall disruption and enhanced compound
release.® For the interaction between solid-to-solvent ratio and
ultrasonic amplitude, the highest mangiferin content was
observed when the solid-to-solvent ratio ranged from approxi-
mately 1:25 to 1:35 g mL ™" and the ultrasonic amplitude from
45 to 55% at a constant extraction time of 10 min. Moldovan
et al.*® likewise reported that a moderate ultrasonic amplitude
produced a higher recovery of phenolic and flavonoid
compounds from shallot (Allium ascalonicum) peel than a higher
intensity, at which degradation became more likely. These
observations are consistent with the ANOVA results, in which

© 2026 The Author(s). Published by the Royal Society of Chemistry

terms A, AC, and B> were significant (p < 0.05), while terms C,
BC, A%, and C* were highly significant (p < 0.0001). By contrast,
terms B and AB were not significant (p > 0.05).

3.2.6 Desirability and verification of the predictive model.
The optimal extraction conditions for maximising TPC, TFC,
and mangiferin content were obtained from the ramp plots in
Fig. 7(a). The predicted optimum conditions were an extraction
time of 11.33 min, a solid-to-solvent ratio of 1:28.52 ¢ mL™,
and an ultrasonic amplitude of 51.41%. Under these condi-
tions, the predicted responses were 55.46 mg GAE g~ * for TPC,
16.68 mg RE g ' for TFC, and 0.65 mg g ' for mangiferin

Sustainable Food Technol.
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Fig. 5 3D surface and contour plots of total flavonoid content of MPFE for (a) extraction time (A) versus solid-to-solvent ratio (B) at constant
ultrasonic amplitude (50%), (b) extraction time (A) versus ultrasonic amplitude (C) at constant solid-to-solvent ratio (1: 30 g mL™3), and (c) solid-
to-solvent ratio (B) versus ultrasonic amplitude (C) at constant extraction time (10 min).

content, with an overall desirability of 0.984. This indicates
a high degree of suitability of the selected factor combination
for achieving the target responses.”” Fig. 7(b) presents the
desirability values for each factor and response variable of
MPFE. In this study, numerical optimisation based on the
desirability function was applied to identify the most suitable
extraction conditions. Becze et al.*’ reported that model validity
is supported when actual values are in close agreement with
predicted values. As shown in Table 6, the actual and predicted

Sustainable Food Technol.

values were 53.02 + 1.57 and 55.46 mg GAE g~ for TPC, 17.26 +
1.13 and 16.68 mg RE g ' for TFC, and 0.66 & 0.01 and 0.65 mg
¢! for mangiferin content, corresponding to percentage errors
of 4.60%, 3.36%, and 1.52%, respectively.

3.3 Antioxidant and antidiabetic activity of the optimised
MPFE

Fig. 8(a) and (b) present the concentration-response curves
used for ICso determination of DPPH radical scavenging and a-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 3D surface and contour plots of mangiferin content of MPFE for (a) extraction time (A) versus solid-to-solvent ratio (B) at constant
ultrasonic amplitude (50%), (b) extraction time (A) versus ultrasonic amplitude (C) at constant solid-to-solvent ratio (1:30 g mL™%), and (c) solid-
to-solvent ratio (B) versus ultrasonic amplitude (C) at constant extraction time (10 min).

glucosidase inhibitory activities of the optimised MPFE. For
DPPH activity, the concentrations tested were ascorbic acid (5-
100 pg mL %), mangiferin (5-100 pg mL "), and MPFE (5-1000
pg mL~"). For a-glucosidase activity, the concentrations tested
were acarbose (5-25 ug mL™"), mangiferin (5-25 pg mL "), and
MPFE (5-250 pg mL ). ICs, is defined as the concentration of

© 2026 The Author(s). Published by the Royal Society of Chemistry

a sample required to inhibit 50% of activity.®®* The observed
antioxidant and antidiabetic activities of MPFE may be attrib-
uted to the presence of phytochemical constituents, including
phenolic and flavonoid compounds, together with mangiferin.

As shown in Fig. 9(a), the IC5, value for DPPH inhibition of
MPFE (117.58 4 2.19 pg mL™ ") was significantly higher than

Sustainable Food Technol.
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Fig. 7 Desirability analysis for optimisation of total phenolic content,
(b) bar graph.

that of mangiferin (5.19 + 0.27 ug mL ") and ascorbic acid (5.84
+ 0.29 pg mL "), indicating a lower antioxidant potency than
the positive controls. This aligns with the findings of Yehia and
Altwaim,* who reported that mangiferin from M. indica leaves
exhibited DPPH radical scavenging activity with an ICs, of 17.6

Sustainable Food Technol.

0.500 0.750

Solution 1 out of 1

total flavonoid content, and mangiferin content: (a) ramp plots and

ug mL™", compared with 11.9 ug mL™" for vitamin C. These
results support the strong antioxidant potential of mangiferin,
which may be related to its phenolic structure and hydrogen-
donating capacity. For o-glucosidase inhibition, Fig. 9(b)
shows ICj5, values of 90.54 + 1.60 pg mL ™" for MPFE, 1.87 4+ 0.19

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Predicted and actual response values under optimised MPFE extraction conditions

Factors Extraction time (min) 11.33
Solid-to-solvent ratio (g mL ™) 1:28.52
Ultrasonic amplitude (%) 51.41
Responses Total phenolic content (mg GAE g~ ") Predicted 55.46
Actual 53.02 £ 1.57
Error (%) 4.60
Total flavonoid content (mg RE g~ %) Predicted 16.68
Actual 17.26 £ 1.13
Error (%) 3.36
Mangiferin content (mg g~ ') Predicted 0.65
Actual 0.66 + 0.01
Error (%) 1.52

ng mL~" for mangiferin, and 9.48 + 0.44 ug mL ™" for acarbose.
These findings are consistent with the study by Sekar et al.,”
which reported ICs, values of 112.80 pug mL ™" for the ripe M.
indica fruit pulp extract, 36.84 pg mL ™" for mangiferin, and

21.33 pg mL ™" for acarbose. The markedly lower ICs, value of
mangiferin compared with MPFE and acarbose indicates
stronger o-glucosidase inhibitory activity under the conditions
tested. Overall, lower ICs;, values indicate that smaller
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100 { qe
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Fig. 8

(a) DPPH and (b) a-glucosidase inhibition, comparing ascorbic acid (for DPPH) and acarbose (for a-glucosidase) with mangiferin and

optimised MPFE. Data are presented as mean + SD (n = 3), with different letters indicating significant differences (p < 0.05) according to one-way

ANOVA and Tukey's HSD test.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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concentrations are required to achieve antioxidant and antidi-
abetic effects.

3.4 Molecular docking of a-glucosidase on antidiabetic
activity of the optimised MPFE

In silico docking simulations were conducted to validate the in
vitro enzymatic inhibitory results by evaluating docking scores,
binding affinity, and molecular interactions between ligands and
the target protein.” a-Glucosidase is a digestive enzyme respon-
sible for hydrolysing glycosidic bonds in disaccharides and
oligosaccharides, producing monosaccharides that are readily
absorbed into blood vessels.”” Acarbose, a well-known a-glucosi-
dase inhibitor, is widely prescribed as a synthetic drug to reduce
postprandial blood glucose levels, although it is associated with
side effects including weight gain, hypersensitivity reactions,
abdominal pain, diarrhoea, and hepatotoxicity.” Both ligands,
mangiferin and acarbose, were docked to the a-glucosidase
protein (PDB ID: 5NN8). The Vina docking scores presented in
Table 7 revealed that mangiferin (—8.0 kcal mol ") exhibited

stronger binding affinity at the identified binding pockets than
acarbose (—7.3 kcal mol™"). These findings are consistent with
Yakoubi,” who explained that more negative AutoDock Vina
scores indicate stronger ligand-protein interactions. Notably,
mangiferin formed a greater number of hydrogen bond-related
interactions than acarbose. Chu et al.”® also reported that man-
giferin was approximately five times more effective than acarbose
due to its xanthone backbone, which enables multiple stable
interactions during a-glucosidase inhibition.

As shown in Fig. 10, mangiferin formed twelve interaction
bonds, including conventional hydrogen bonds, carbon-
hydrogen bonds, and a mw-donor hydrogen bond, with seven
amino acid residues. Strong hydrogen bond interactions
included PHE 564 (2.59 A), THR 567 (3.38 A and 3.32 A), ARG
189 (3.03 A), ASN 570 (3.26 A), TYR 191 (3.05 A), and ASP 243
(2.30 A and 2.34 A). Additional carbon-hydrogen bonds were
observed at SER 566 (3.66 A and 3.72 A) and ASN 570 (4.19 A),
while a m-donor hydrogen bond was recorded at ASN 570 (3.19
A). Wu et al.** similarly demonstrated that mangiferin interacts

Table 7 Docking analysis of mangiferin and acarbose with a-glucosidase

Binding affinity Interacting

Ligand (Vina score, kcal mol™?) amino acids Interaction type Bond distance (A)

Mangiferin —8.0 PHE 564 Conventional hydrogen bond 2.59
THR 567 Conventional hydrogen bond 3.38
THR 567 Conventional hydrogen bond 3.32
SER 566 Carbon-hydrogen bond 3.66
SER 566 Carbon-hydrogen bond 3.72
ARG 189 Conventional hydrogen bond 3.03
ASN 570 Carbon-hydrogen bond 4.19
ASN 570 Conventional hydrogen bond 3.26
ASN 570 m-donor hydrogen bond 3.19
TYR 191 Conventional hydrogen bond 3.05
ASP 243 Conventional hydrogen bond 2.30
ASP 243 Conventional hydrogen bond 2.34

Acarbose -7.3 SER 560 Conventional hydrogen bond 2.93
GLN 244 Conventional hydrogen bond 2.47
GLY 334 Carbon-hydrogen bond 2.86
ARG 190 Unfavourable donor-donor 1.89
ASN 570 Conventional hydrogen bond 3.11
ASP 243 Carbon-hydrogen bond 3.50
ASP 243 Carbon-hydrogen bond 3.25

Sustainable Food Technol.
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Fig. 10 Docking interactions of mangiferin—a-glucosidase (5NN8): (a) 3D amino acid interactions, (b) 3D hydrophobicity surface, and (c) 2D

binding interactions of the docked complex.

with a-glucosidase at residues ASP 215, ARG 213, ARG 315, ARG
442, ARG 446, and ASN 415. In contrast, Fig. 11 shows that
acarbose formed six hydrogen bond-related interactions with
five amino acid residues, including conventional hydrogen
bonds at SER 560 (2.93 A), GLN 244 (2.47 A), and ASN 570 (3.11

© 2026 The Author(s). Published by the Royal Society of Chemistry

A), as well as carbon-hydrogen bonds at GLY 334 (2.86 A) and
ASP 243 (3.50 A and 3.25 A). An unfavourable donor-donor
interaction was observed at ARG 190 (1.89 A). El-Sayed et al.”
explained that unfavourable donor-donor interactions intro-
duce repulsive forces between the ligand and protein, thereby

Sustainable Food Technol.
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destabilising complex formation. Overall, mangiferin showed
stronger binding to a-glucosidase than acarbose, as supported
by its more negative binding affinity and greater number of
stabilising interactions with key amino acid residues.”””®

3.5 ADMET and drug-likeness prediction of the optimised
MPFE

ADMET analysis provides a preliminary insight into the potential
pharmacokinetic behaviour of compounds and may support early-stage
evaluation of their suitability for further study as bioactive agents. As
shown in Table 8, mangiferin (0.544) demonstrated higher predicted
human intestinal absorption (HIA) than acarbose (0.060), suggesting
a greater likelihood of systemic absorption, whereas acarbose may

Sustainable Food Technol.

remain more confined to the gastrointestinal tract. The blood-brain
barrier (BBB) protects the brain from toxins and unwanted substances
that can cause central nervous system side effects.” Mangiferin (0.122)
exhibited lower predicted BBB penetration than acarbose (0.135), which
may be favourable for an antidiabetic compound if reduced central
nervous system exposure is preferred.**' Both mangiferin and acarbose
were predicted to be nonsubstrates and noninhibitors of CYP, sug-
gesting a low likelihood of cytochrome P450-mediated metabolic
interaction under the predicted conditions. Raju et al® reported that
diabetes can lead to kidney failure. Mangiferin showed higher renal
clearance (CLr, 0.803) than acarbose (0.598), indicating more efficient
renal processing. Both compounds were predicted to present a poten-
tially low risk in the rat carcinogenicity model, although these findings

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ligand HIA BBB CYP substrate/inhibitor status CLr Carcinogenicity (rat model)
Mangiferin 0.544 0.122 Nonsubstrate/noninhibitor 0.803 Potentially low risk
Acarbose 0.060 0.135 Nonsubstrate/noninhibitor 0.598 Potentially low risk
Table 9 Drug-likeness prediction results for mangiferin and acarbose

Ro5

c

Ligand MW (g mol ) HBD HBA Log P RO5 violations LogS TPSA (A% Drug-likeness
Mangiferin 422.34 8 11 —0.43 2 —2.347 197.3 0.24
Acarbose 645.61 14 19 —-7.91 3 —0.301 329.0 0.29

are based solely on computational prediction and require further
experimental and i vivo validation.

Drug-likeness  defines the qualities necessary for
a compound to be considered a strong drug candidate.*® Ro5
evaluates oral bioavailability based on MW < 500 ¢ mol ', HBDs
< 5, HBAs < 10, and clog P < 5, with no more than one viola-
tion.** As shown in Table 9, mangiferin violated two Ro5 criteria
(8 HBDs > 5 and 11 HBAs > 10), while meeting the MW (422.34 g
mol ") and clogP (—0.43) requirements. Acarbose violated
three Ro5 criteria: MW (645.61 ¢ mol™ ' > 500), HBDs (14 > 5),
and HBAs (19 > 10), while also showing a ¢ log P of —7.91. These
results suggest that mangiferin is more compliant with Ro5
compared with acarbose. Although mangiferin has relatively
low bioavailability, formulation strategies such as nanoparticle
encapsulation may improve absorption.** Solubility also affects
drug potential, with compounds having log S < —2 considered
soluble and log S < 0 considered very soluble.*® Based on this
criterion, acarbose (—0.301) was more soluble than mangiferin
(—2.347). Prasetiawati et al.* stated that a TPSA below 140 A*
indicates good membrane permeability. Although mangiferin
had a lower TPSA (197.3 A% than acarbose (329.0 A%), both
compounds exceeded this threshold, suggesting that
membrane permeability may still be limited based on this
criterion. In addition, the predicted drug-likeness values were
0.24 for mangiferin and 0.29 for acarbose, indicating only
a small difference between the two ligands based on this
descriptor. Taken together, these findings suggest that man-
giferin may possess somewhat more favourable drug-likeness
and ADMET-related properties than acarbose in certain
respects. However, these results should be interpreted
cautiously, as the findings are based on computational predic-
tion and do not provide definitive evidence of therapeutic
potential without further experimental and in vivo validation.

4 Conclusion

This study demonstrated the effectiveness of combining UAE with
NADES to enhance the recovery of TPC, TFC, and mangiferin from
UAOD-pretreated MPFE under optimised conditions of an extraction
time of 11.33 min, solidto-solvent ratio of 1:28.52 ¢ mL™", and

© 2026 The Author(s). Published by the Royal Society of Chemistry

ultrasonic amplitude of 51.41%, yielding 53.02 4 1.57 mg GAE ¢ TPC,
17.26 + 1.13 mg RE g TFC, and 0.66 + 0.01 mg g * mangiferin. The
ICs values of optimised MPFE for DPPH (117.58 + 2.19 ug mL ™) and
o-glucosidase (90.54 4 1.60 pg mL ") indicated notable antioxidant and
antidiabetic activities, although these activities were lower than those of
positive controls. Molecular docking further showed that mangiferin
exhibited stronger binding affinity towards o-glucosidase than acar-
bose. ADMET and drug-likeness prediction suggested that mangiferin
may possess more favourable pharmacokinetic and drug-like properties
than acarbose in certain respects. Overall, these findings highlight M.
pajang fruit as a promising and sustainable natural source of antioxi-
dant and antidiabetic compounds with potential applications in
nutraceutical and functional food products. The use of UAE with
NADES also suggests potential for industrial application due to the
relatively short extraction time and the use of a green solvent system.
However, further studies are needed to confirm process scalability,
evaluate long-term stability, and validate the biological effects in vivo.
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